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A B S T R A C T
The glass bead assemblages recovered during the 2014 excavations of the ruins of Kulumbimbi located in
Mbanza Kongo (Angola) were analyzed by means of a multi-analytical minimally invasive methodology, which
includes handheld X-ray fluorescence (hXRF), variable pressure scanning electron microscope coupled with
energy dispersive X-ray spectrometry (VP-SEM-EDS), micro-Raman spectroscopy and laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS). Chemical data indicate that cobalt, copper, iron and manganese
ions were used to produce the blue, green, reddish-brown and black hues, respectively. Lead arsenates, calcium
phosphate, calcium antimonate, lead stannate, cassiterite and Pb-Sb-Sn oxide were used as opacifying agents.
Chondrite-normalized trace element distribution and chondrite-normalized rare earth element patterns were
used to determine the sand source used in the production of the different glass bead types. These distributions
were also used to identify the manufacture location of the glass beads with previously unknown origin and
production date. Based on the data collected, the glass beads from types 16, 20, 22, 24, 25, 46 and 47 have been
assigned as Venetian.
1. Introduction
The Kongo kingdom, an independent state from approximately the
14th to 19th century CE, was one of the largest constituted polities in
sub-Saharan Africa, covering an area that extended from northern
Angola to western Democratic Republic of the Congo [1–4]. The Por-
tuguese navigator Diogo Cão first came into contact with the Kongo
kingdom when he reached the mouth of the Congo river in 1483 [2].
Contact with the Portuguese had a huge impact in the Kongolese so-
ciety, and many Portuguese practices were readily adopted, especially
religion and literacy [5].
Despite the fact that no written records exist prior to the arrival of
the Portuguese, Thornton (2001) [1] estimated the founding date of the
kingdom to ca. 1390, taking into consideration the oral tradition
documented as Kings lists (mvila) and the accounts written by Eur-
opeans in the 16th and 17th centuries CE. This author has since at-
tempted to reconstruct the history of the Kongo Kingdom further in
time, making it follow the existence of the “Seven Kingdoms of Kongo
dia Nlaza”, a former polity that may have been fully incorporated into
the kingdom by the 16th century CE [2].
Mbanza Kongo, the kingdom's capital, is located on a plateau, 600m
above the sea level in modern northern Angola. It is considered to be
the oldest continuously occupied large settlement (or Mbanza in
Kikongo) in West Central Africa if one excludes the brief thirty years of
https://doi.org/10.1016/j.microc.2019.103990
Received 14 February 2019; Received in revised form 5 June 2019; Accepted 6 June 2019
⁎ Corresponding author at: HERCULES Laboratory, University of Évora, Largo Marquês de Marialva 8, 7000-809 Évora, Portugal.
E-mail addresses: mafalda.costa@ugent.be (M. Costa), pbarrulas@uevora.pt (P. Barrulas), luisdias@uevora.pt (L. Dias),
conlopes@ci.uc.pt (M. da Conceição Lopes), bernardolivier.clist@ugent.be (B. Clist), peter.vandenabeele@ugent.be (P. Vandenabeele), jmirao@uevora.pt (J. Mirão).
Microchemical Journal 149 (2019) 103990
Available online 08 June 2019
0026-265X/ © 2019 Published by Elsevier B.V.
T
abandonment caused by the civil wars of the 17th and 18th centuries
CE [6,7]. The Church of São Salvador (Fig. 1a), currently known as
Kulumbimbi, is a formerly Jesuit stone church built in 1548 and dedi-
cated to Jesus the Savior [7]. The church was destroyed during the
Jaga1 invasions of the capital that took place during the reign of Kongo
king Álvaro I (1568–1587 [7]), but was later rebuilt and elevated to the
status of Cathedral in 1596 [8]. The current name Kulumbimbi, which
originated in the oral traditions, means “what remained of the ances-
tors” in Kikongo [8]. Today the church ruins are one of a very short list
of still standing architectural remains of the old kingdom's capital.
The recent addition (July 2017) of Mbanza Kongo to the UNESCO
World Heritage List highlights the importance of the Kongo kingdom
and of its capital in human history as a major interaction point between
Africa and Europe from the late 15th century CE onwards.
This study focuses on a collection of over 3000 glass beads re-
covered during the 2014 excavation campaign in the ruins of
Kulumbimbi. European-manufactured glass beads were among the
exotic goods brought to the Kongo kingdom via the oceanic trade routes
most likely introduced by the Portuguese in the end of the 16th century
CE. The glass beads, used as adornments or amulets, were a symbol of
wealth, social status and political, cultural and religious affiliation
[9,10]. Glass beads were also used as currency [10,11]. The study of
European trade beads can, therefore, shed light on economic interac-
tions and consumption patterns on a chronological level [9].
The presence of European beads in the capital of the Kongo kingdom
is convincing evidence of the existence of a transatlantic triangular
trading system, in place between the 16th and 19th century CE, that
allowed the presence of European manufactured products in Africa, the
trade of African slaves to America and of raw materials from America
and Africa to Europe. Therefore, this work must contribute knowledge
of the commerce between Europe and western central Africa, by:
- Identifying the European production regions of these manufactured
products;
- Recognizing the technology and the materials used in the beads
production.
Although glass usage and technology has changed throughout time,
glass is typically made of four main components: 1) glass formers or
vitrifiers, 2) glass modifiers or fluxing agents, 3) glass stabilizers, 4)
opacifiers and glass coloring and/or decoloring agents. Silica, either in
the form of sand, or coarse quartz pebbles is the most common glass
former. The fluxing agent, usually an alkaline oxide (e.g. an evaporitic
deposit raw material), was used to lower the melting temperature,
while glass stabilizers, such as lime, were added to make the mixture
more stable and resistant to deterioration [12,13].
The use of distinct glass recipes and different raw material sources
causes glass composition to change according to its provenance. The
development of minimally invasive analytical techniques capable of
accurately and precisely determining trace element concentrations,
such as LA-ICP-MS, greatly contributed to ancient glass studies. In fact,
chemical characterization of glass artefacts, with a high emphasis on
trace element analysis, particularly rare earth element (REE) con-
centrations, has been successfully carried out to determine the nature
and provenance of the raw materials used in their manufacture and to
attribute their production to a specific workshop or region (e.g.
[14–26]). De Raedt et al. (2001) [15], for instance, has successfully
used European shale normalized-REE patterns to distinguish between
Venetian glass vessels and façon-de-Venise vessels made in Antwerp,
while Saitowitz (1996) [14] used chondrite-normalized REE patterns to
confirm the existence of trade networks between southern Africa, Egypt
and the Islamic mercantile network in ca. 900–1200 CE.
Despite the fact that European trade beads were vital in the eco-
nomic and societal interactions throughout Africa, most analytical
studies focus on assemblages found in North America [27–33]. The
chemical characterization of European trade beads found in African
contexts is rare [16,34–37], as most works focus on glass beads
from the Islamic mercantile network or the Indian Ocean trade
[14,18,19,21,22,34,35,38–41].
To determine the composition of European glass beads from
Kulumbimbi, a multi-analytical minimally invasive methodology was
applied, which includes handheld X-ray fluorescence (hXRF), variable
pressure scanning electron microscope coupled with energy dispersive
X-ray spectrometry (VP-SEM-EDS), micro-Raman spectroscopy and
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS). The results were interpreted considering the probable provenance,
raw materials used and technology available in the production of these
artefacts. Special effort was made to understand the processes of glass
coloring and opacification.
2. Materials and methods
2.1. Materials
Three thousand three hundred and sixty-seven glass beads were
recovered from four tombs during the 2014 excavation campaign car-
ried out in the ruins of Kulumbimbi (Mbanza Kongo, Angola) by M.
Conceição Lopes (University of Coimbra, Portugal), and Christophe
Mbida and Raymond Assombang (University of Yaoundé I, Cameroon).
The morphological characteristics of each glass bead, including color,
size and manufacturing technique were assessed by the archaeological
team. These characteristics allowed the glass beads to be subdivided
into typological groups. A detailed list of each typological group in-
cluding untested possible origin and date can be found in Table S1
(Supplementary information). This burial, which contained the remains
of a 22-year-old woman (Fig. 1b), had both glass beads (2903) and
Pusula depauperata shell beads (67), while the remaining three tombs
(burials 2–4) contained only glass beads.
Three hundred glass beads (ca. 10% of the total number of speci-
mens recovered) were analyzed in situ by handheld x-ray fluorescence
(hXRF). A smaller selection of 30 glass beads was then selected to be
transported to Europe for laboratory analyses.
2.2. Handheld X-ray fluorescence (h-XRF)
A handheld XRF Bruker™ Tracer III SD® with a silicon-drift (SDD)
detector (XFlash ®) and a Rh-target delivering a polychromatic X-ray
beam of 3× 3mm was used for in-situ XRF analysis. Spectra were re-
corded using a voltage of 40 kV; a current intensity of 35 μA was ap-
plied, as well as vacuum conditions, during a 120-s real-time count. All
spectra were recorded using the S1PXRF software (Bruker™) and pro-
cessed using the Artax (Bruker™) software in order to obtain semi-
quantitative data.
Each sample was analyzed in one or more locations according to
their size and to their color – mono-colored or multi-colored. The
generated net areas of the fluorescence lines were normalized to the
counts of the Rh Kα lines [42].
2.3. Variable pressure scanning electron microscope coupled with energy
dispersive X-ray spectrometry (VP-SEM-EDS)
VP-SEM-EDS analyses were carried out using a Hitachi™ S3700N
SEM coupled to a Bruker™ XFlash 5010 SDD EDS Detector® with an
energy resolution of 124 eV in the MnKα line. The samples were ana-
lyzed at low vacuum (40 Pa) and with an accelerating voltage of 20 kV.
The variable pressure approach allows imaging and chemical analysis
without the need of coating. The compositional data was acquired using
the Esprit1.9 software and a standardless quantification. The SEM
1 “A generic Kikongo term applied to rootless people who often lived by
raiding” [1].
M. Costa, et al. Microchemical Journal 149 (2019) 103990
2
images were acquired in the backscattering mode.
2.4. Micro-Raman Spectroscopy
Raman spectra were recorded using a Bruker™ Optics SENTERRA
dispersive Raman spectrometer coupled with a BX51 Olympus™ mi-
croscope. The instrument is equipped with a green Nd:YAG laser
(532 nm) and a red diode laser (785 nm). At least three spectra per
sample were acquired, using both lasers, at high resolution (3–5 cm−1)
and in the range of 60–2750 cm−1 and 80–2642 cm−1 for the 532 nm
and 785 nm lasers, respectively. The system uses a thermo-electrically
cooled CCD detector, operating at −65 °C. The power of each laser and
the instrument itself is controlled by the Bruker™ OPUS software. The
measuring time, laser power, and number of accumulations were set to
obtain a good signal-to-noise ratio. The 20× objective was used for all
the samples, with a spot size of approximately 10 μm.
The collected Raman spectra were further processed in GRAMS
(ThermoFisher Scientific™). In order to characterize the glass matrix, a
4-segment liner baseline was subtracted using fixed points at approxi-
mately 200, 700, 800 and 1200 cm−1 [34,36,43–46]. The glass massifs
were subsequently subjected to curve fitting in order to allow for re-
producible results and for comparison with published data.
2.5. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS)
LA-ICP-MS analyses were conducted using a CETAC LSX-213 G2+
laser ablation system coupled to an Agilent™ 8800 Triple Quad ICP-MS.
The glass beads were mounted on the ablation cell without any previous
sample preparation. A 100 μm spot size with a frequency of 20 Hz and a
laser output energy of 80% (3mJ/pulse at 100%) was used to analyze
8–12 spots in each multi-colored glass beads, four in each glass color,
while the mono-colored glass beads were analyzed in 4 different loca-
tions. Each spot had a total acquisition time of 60 s, including a 10 s
washout. Helium, with a flow of 1 L/min, was used as a carrier gas in
the LA system and the ICP-MS data was acquired in MS/MS mode. The
NIST 612 glass standard was used for the calibration of the ICP-MS
prior the analysis. Fractionation was monitored using the 238U/232Th
ratio, while oxide formation was measured using the 248ThO/232Th
ratio. Equipment sensibility was also examined. The NIST 612 glass
standard was analyzed at the beginning and end of each sequence and
at 6–10 spot intervals for drift determination and correction if needed.
The isotopes that were analyzed and their respective dwell times can be
found in Table 1. Data of two different Ca, Fe and Zn isotopes were
acquired and used to determine possible instrumental interferences.
Elemental concentrations were determined using off-line calculations
and data reduction with the GLITTER® software, using NIST 612 as
primary reference material (recommended concentrations reported by
[47]) and SiO2 as an internal standard for the samples and reference
material. The first 4 or 5 s of ablation were discarded to eliminate the
interference of surface contamination and weathering.
3. Results and discussion
Due to the high number of samples and analytical techniques em-
ployed in this study, this section has been subdivided according to the
methodology used. The importance of each analytical technique has
been highlighted, as well as their unique shortcomings.
3.1. Handheld X-ray fluorescence (hXRF) and variable pressure scanning
electron microscope coupled with energy dispersive X-ray spectrometry (VP-
SEM-EDS)
The handheld XRF measurements were performed in Mbanza
Kongo, northern Angola. This technique has proven to be a fairly in-
expensive, fast and efficient technique to use when dealing with a large
number of samples [48–50] in difficult analytical conditions. This non-
destructive technique is therefore commonly employed in the study of
large assemblages in order to screen and group materials for further
sub-sampling and analysis using other techniques [48,50]. Since the
Bruker™ Tracer III-SD is limited to the detection of elements with
Z > 11, a clear distinction between glass types, generally based on the
type of fluxing agent used in their manufacture, is not possible using
this technique. Nonetheless, the use of bulk composition to produce
elemental bi-plots allows a better understanding of the data collected
and can be used, as a first approach, to determine differences between
glass beads from the same typology, and affinities between chemical
elements or different glass beads typologies.
Complementary, VP-SEM-EDS was used to perform a micro-
structural and micro-analytical characterization, to initially classify the
beads according to glass type – soda-rich, potash-rich or mixed alkali
glass – and to access the lead content. Point analysis and elemental
mapping was also used to identify the chemical composition of the
inclusions present in the glass beads. It is important to note that SEM-
EDS is a surface-sensitive technique, having an analysis depth of ap-
proximately 1–2 μm [51], whereas hXRF has an analysis depth of a few
microns to a few millimeters depending on the material's absorption
coefficient [52–54]. Moreover, as both systems use an X-ray energy
dispersive spectrometer to obtain the chemical composition of the
beads, the data are complementary.
3.1.1. Blue glass beads (types 1, 8, 12, 13, 22 and 24)
The VP-SEM-EDS analysis revealed that the glass beads from types
1, 8, 12 and 13 are composed of potash-rich glass while the glass beads
from type 22 and 24 consist of mixed alkali glass (Table S2 –
Supplementary information).
Fig. 1. a) Ruins of Kulumbimbi (Mbanza Kongo, Angola) in 2014; b) detailed image of the female remains found in burial 1. This 22-year-old woman had almost
3000 beads around her neck, wrists and ankles.
M. Costa, et al. Microchemical Journal 149 (2019) 103990
3
Significant amounts of Co were detected by hXRF in the blue beads
from types 8, 12, 13, 22 and 24 (Fig. 2a). Relatively smaller amounts of
cobalt are also present in the pale blue beads classified as type 1
(Fig. 2a). Co(II) ions are among the most common coloring agents
present in ancient glass [55]. The presence of this transition metal ion
in a tetrahedral coordination [56,57] imparts a dark blue hue to the
glass [27,29,32,37,55,57–61]. Moreover, even when present in small
concentrations, due to their high absorption coefficient, cobalt ions
produce a distinct blue color [32,55,61]. It is important to note that the
glass beads classified as type 24 are enriched simultaneously in cobalt
and copper, causing them to have a lighter blue hue (Fig. 2a). While the
addiction of Cu could have been unintentional, this transition element's
divalent ion, in an octahedral coordination [56], is known to impart a
turquoise color to glass [37,57,62].
Cobalt, although relatively common in nature, is generally exploited
as a by-product of the extraction of nickel, silver, gold, lead and zinc
[63]. Cobalt can also be exploited from arsenic-rich and Fe-rich mi-
nerals [63]. Many studies have attempted to uncover the provenance of
the cobalt blue pigments based on the association between Co and other
minor and trace elements [29,58,60,64–67]. However, the use of dif-
ferent techniques with different detection limits has made it very dif-
ficult to establish a true chronology of cobalt use, and, unfortunately,
many pigment sources remain unknown [66].
A careful examination of the hXRF results revealed that cobalt was
associated with: a) Ni and As in types 12 and 13; b) Ni, Zn and Pb, in
type 1; c) Cu, Ni, Zn, Fe and Cr in type 24; and d) Ni, As, Zn, Fe, and Bi
in types 8 and 22 (Fig. S1 – Supplementary information). According to
Dayton (1981) [68] and Gratuze et al. (1992) [64], the parageneses of
Table 1
Isotopes analyzed by LA-ICP-MS and their respective dwell times.
Dwell time (ms) Isotope
5 23Na; 27Al; 28Si; 39K; 44Ca; 55Mn; 56Fe
10 11B; 24Mg; 43Ca; 47Ti; 52Cr; 55Mn; 57Fe; 59Co; 60Ni; 63Cu; 66Zn; 67Zn; 75As; 85Rb; 88Sr; 89Y; 90Zr; 118Sn; 121Sb; 208Pb
20 31P; 45Sc; 51V; 93Nb; 133Cs; 137Ba; 139La; 140Ce; 141Pr; 146Nd; 147Sm; 153Eu; 157Gd; 159Tb; 163Dy; 165Ho; 166Er; 169Tm; 172Yb; 175Lu; 178Hf; 181Ta; 209Bi; 232Th; 238U
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Fig. 2. a) hXRF CoeCu plot indicating that the blue glass beads from types 1, 8, 12, 13 and 22 are enriched in Co, while the blue type 24 glass beads are enriched in
Co and Cu; b) hXRF PbeAs plot indicating that both Pb and As were used in the production of the glass beads from types 2, 3 or 4, 5, 6, 7, 9, 10, 11, 14, 15, 17 and 19;
c) hXRF SbeCa evidencing that the glass beads from types 22, 25, 46 and 47 are simultaneously enriched in Sb and Ca; d) hXRF PbeSn plot showing the combined
use of Pb and Sn to opacify the type 5 glass beads; e) hXRF MneFe plot corroborating the use of these two elements in the production of the black type 16, 20 and 23
glass beads; f) hXRF CueFe plot substantiating the use of Cu and Fe to produce the green glass present in the type 5 and 46 glass beads.
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Co-Ni-As minerals can be found in the Schneeberg mines (Erzgebirge,
Germany). The cobalt-bearing minerals extracted from this region are
thought to have been used between the end of the 15th and the 18th
centuries CE [29,65,67]. The glass beads from types 12 and 13 have
been associated to the Bohemian glass production of the 19th century
CE. While an earlier manufacture date cannot be excluded [31], it is
important to note that Gratuze & Janssens (2004) [60] mention a cobalt
ore of unknown provenance used in the 19th century CE having a
chemical association of Co-Ni-As.
The chemical association of Co-Zn-Pb has been linked to the
Freiberg district (Saxony, Germany) [64,65,67]. Although CoeNi veins
are less abundant in this district, they are nonetheless present [69]. The
polymetallic veins present in the Freiburg region are a known source of
cobalt pigments used between the 13th and 15th centuries CE [65,67].
The type 1 pale blue glass beads display the Co-Ni-Zn-Pb chemical as-
sociation; however, since the glass beads are thought to have been
produced at a later date, between 1680 and 1890, it is possible that a
different pigment source was used.
Finally, to our knowledge, the chemical association Co-Ni-As-Zn-Fe-
Bi found in the glass beads from types 8 and 22, and the association
between cobalt and Cu, Ni, Zn, Fe, Cr and As found in the type 24 glass
beads have not been mentioned in any other glass studies.
The amount of As present in the type 8 glass beads (Fig. 2b), de-
tected by both hXRF and VP-SEM-EDS (Table S2 – Supplementary in-
formation), cannot be explained exclusively by the Co pigment. The
chronology of opacifiers developed by Hancock et al. (1997) [28] could
suggest that these glass beads were produced between the very late
18th century and the early 20th century CE. However, Hancock et al.
(1997) [28] used neutron activation analysis to determine the compo-
sition of the glass beads in their study, and these authors later suggested
that the glass beads studied were, in fact, leaded [33]. Kenyon et al.
(1995) [27] mentions that As could be used to remove air bubbles from
the glassy melt in order to produce a clearer, more transparent glass.
However, since these glass beads are opaque and there is an obvious
enrichment and association between Ca and P, suggesting that calcium
phosphates were used as opacifying agents, the use of As as a fining
agent seems implausible. Arsenic is also a known decolorant [70].
While the exact purpose of the introduction of As remains unknown,
calcium phosphate, generally introduced in the form of burnt bones,
has been used as an opacifier since the 5th century CE and is commonly
mentioned in Venetian recipe books since the 14th century CE [13,71].
Calcium phosphates were also most likely used to opacify the glass
beads from type 1 and 13 since the VP-SEM-EDS analysis revealed an
enrichment in both Ca and P in these glass beads (Table S2 – Supple-
mentary information).
The type 8 glass beads also have minor amounts of barium detected
by hXRF (Fig. S1 – Supplementary information). Barium occurs in large
deposits throughout the world mostly as barium sulfate (barite; [72]).
In fact, barite has been found as a heavy mineral in glass-making sand
[73]. However, barium has also been known to substitute calcium in
carbonates [74] and even in apatite (calcium phosphate) without any
significant changes in the crystalline structure [75]. The lack of corre-
lation between Ca and Ba suggests that the latter is the result of the use
of impure sands rich in barite.
The hXRF SbeCa plot (Fig. 2c), on the other hand, revealed that
calcium antimonates were used as opacifying agents in the manufacture
of the type 22 blue beads. Calcium antimonates have been used in glass
production since the 15th century B.C. [13,71,76]. Opacifying agents
could not be detected in the blue glass beads from types 12 and 24
because they are transparent.
3.1.2. Red and red-on-white glass beads (type 2, 3 or 4, 6, 7, 9, 10, 11, 14,
15 and 19)
Red glass can be produced by the addition of metallic gold
[13,31,56,77] or metallic copper (nano-) particles [13,30,55,56,77–79].
The metallic copper particles disperse the light, rendering the glass
opaque [78]. Many authors have shown that cuprous oxide (Cu2O) can
also be used to impart a ruby color to the glass, commonly referred to as
“sealing wax red” [13,16,30,61,77,79,80]. Finally, since the develop-
ment of cadmium red pigments in 1892 [81–83], these pigments have
been used to produce both red glass [13,84] and red glass beads [37,83].
An initial assessment of the hXRF data of the red and red-on-white
glass beads revealed detectable amounts of copper, accompanied by
significant amounts of lead. The enrichment in lead is very significant
(commonly reaching 40–50wt% according to VP-SEM-EDS data; Table
S2 – Supplementary information) indicating that this element is acting
as a glass former. The production of red glass by dispersing cuprite
crystals in a lead-rich glass matrix has been reported by Licenziati &
Calligaro (2016) [61]. However, it is important to note that no red-
coloring elements were detected in any of the red or red-on-white glass
beads by VP-SEM-EDS. Therefore, the use of other colorants such as
trace amounts of metallic gold, as reported by Burgess & Dussubieux
(2007) [31], cannot be excluded.
Lead is particularly important in glass production since it can as-
sume different roles; it can act as a glass former and modifier, but it can
also interact with other elements present in the glass melt, causing the
precipitation of crystals that influence both color and transparency
[13]. VP-SEM-EDS analysis showed that all red and red-on-white beads
were enriched in both lead and arsenic (Table S2 – Supplementary in-
formation). In fact, the hXRF PbeAs plot (Fig. 2c) revealed a clear as-
sociation between these two elements, which suggests that lead ar-
senates were used as the main opacifying agents. Lead arsenates were
developed by the Venetian glass industry in the late 16th century CE
[34,35,85,86], but were only broadly used since the 19th century CE
[34,35].
The hXRF PbeSn plot (Fig. 2d), on the other hand, shows that lead
arsenates were not the only opacifiers used in the manufacture of the
red and red-on-white glass beads. In fact, these beads are also enriched
in tin, which could indicate the combined use of cassiterite (SnO2) and
lead arsenates. The presence of both tin oxide and lead arsenates has
been reported in 19th century CE enamels [46,87]. Lead arsenates were
introduced in the Limoges production in the 18th century CE, gradually
substituting cassiterite, although the combined use of these opacifiers
has been found in many 19th century CE artefacts [46,87]. The first use
of cassiterite in glass production can be traced to the 4th century CE
[71,76].
Several of the red-on-white glass beads were broken in half, which
allowed the acquisition of elemental data from their white core by VP-
SEM-EDS. All white glass present in the red and red-on-white glass
beads was found to be lead-rich (Pb ~50–65wt%; Table S2 –
Supplementary information). The presence of lead arsenates can ac-
count for the glass' white hue.
3.1.3. Black glass (types 16, 20 and 23)
The VP-SEM-EDS analysis revealed that the glass beads from types
16, 20 and 23 are composed of soda-rich glass (Table S2 –
Supplementary information).
The hXRF results of the black beads classified as types 16, 20 and 23
revealed significant amounts of Mn and Fe in their composition
(Fig. 2e). The enrichment in both manganese and iron was further
confirmed by VP-SEM-EDS (Table S2 – Supplementary information).
Combining metallic ions such as iron and manganese has been used to
produce black hues [37,88].
Elements associated to opacifying agents were not detected in these
glass beads by hXRF (Fig. 2b, c and d) or VP-SEM-EDS (Table S2 –
Supplementary information).
3.1.4. Green glass beads (type 46)
The green glass beads from type 46 are composed of lead-rich glass
as shown by both the hXRF (Figs. 2b and d) and VP-SEM-EDS data (ca.
49 wt%; Table S2 – Supplementary information). Significant amounts of
copper and iron were also detected by these two analytical techniques
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(Fig. 2f and Table S2 – Supplementary information). According to
Burgess & Dussubieux (2007) [31], although copper ions in their di-
valent state are generally used to produce turquoise glass, when they
are dispersed in a lead-containing glass, the resulting hue is green. La
Delfa et al. (2008) [89] determined that the amount of lead greatly
influences the final green hue of a glass, when maintaining a stable Cu
concentration. Iron, on the other hand, can be used to produce a wide
range of colored glass, from yellow and amber/brown colors to green
[37,55,57,59,62]. Since the ferric ion can be a blue chromophore and
the ferrous ions can impart a yellow color, the final hue will be linked to
the Fe(II)/Fe(III) ratio present in the glass [37,55,62]. In this case, iron
was most likely introduced unwillingly, as an impurity in the copper or
sand source, although its use to obtain a specific green hue cannot be
excluded.
The hXRF PbeSn plot (Fig. 2d) shows that there is an association
between these two elements in the green type 46 glass beads, sug-
gesting the use of lead stannate. Lead stannate or lead‑tin yellow, was
introduced as a colorant and opacifier in the 4th century CE [26,71,76]
and was used to produce yellow opaque glass or to produce yellow-
green hues when mixed with blue colorants [39,55,86,90].
3.1.5. Green glass beads with white and brownish-red stripes (type 5)
The multi-colored beads classified as type 5 are thought to be of
Venetian origin, although their manufacture date is unknown. These
beads are mostly composed of green glass but have three sets of reddish-
brown stripes flanked by two white stripes.
The VP-SEM-EDS analysis revealed that the green body and the
reddish-brown stripes consist of mixed alkali glass, with significant
amounts of lead (12–30 wt%), while the white stripes are composed of
lead-rich glass (61 wt% Pb) (Table S2 – Supplementary information).
Arsenic was also detected in both the green and white glass, which due
to the aforementioned presence of lead, suggests the use of lead ar-
senates as the main opacifiers. In fact, the hXRF PbeAs plot (Fig. 2b)
shows a clear association between these two elements in the type 5
glass beads. The presence of lead arsenates in the type 5 glass beads
indicates a manufacture date after the late 16th century CE
[34,35,85,86].
A careful examination of the hXRF (Fig. 2b, c and d) results also
revealed an association between lead, antimony and tin, suggesting the
use of a ternary Pb-Sb-Sn oxide. Lead antimonates have been used
alongside calcium antimonates since the 15th century B.C. [13,71,76].
The first has also been used as a colorant, imparting a characteristic
opaque yellow color to the glass [13,71,91]. Tin-based opacifiers, are
thought to have been introduced by the Roman glass-making industry
in the 4th century CE, gradually substituting antimony-based opacifiers
[26,71,76]. However, recent studies have shown that the pyrochlore
structure of lead antimonates, commonly referred to as Pb2Sb2O7, al-
lows other elements, such as tin, to substitute antimony [91–95]. These
pyrochlores or ternary Pb-Sb-Sn oxides, have been found in yellow
Roman glass, being responsible for both their color and their opacifi-
cation [26,91,93,96,97], and are thought to have been artificially
produced and added to the molten glass [26,91,97]. This is consistent
with the production of the Muranese yellow opacifier anime (or anima);
18th and 19th century CE Venetian glassmaking treaties describe how a
synthesized lead‑tin yellow pigment was mixed with antimony sulfide,
minium (Pb3O4) and sand to obtain this yellow pigment which was later
added to the glass [86,91,93,97]. Ternary Pb-Sb-Sn oxides have also
been found in late 15th-early 16th century CE enameled Venetian glass
objects [90], 17th century CE paintings [98], 18th century CE tesserae
[95] and 18th century CE Nevers lampworking glasses [91,93].
Significant amounts of copper, together with minor amounts of iron
were detected in the green glass. As previously mentioned, Cu(II) im-
parts a turquoise color to glass, while iron can be added to produce
specific hues depending on the Fe(II)/Fe(III) ratio [37,57,62]. The
presence of the yellow ternary Pb-Sb-Sn opacifier, suggests that the
final green hue was obtained by combining the copper and iron blue
colorants with the yellow opacifier as suggested by other authors
[61,86,90,91,99,100].
The reddish-brown stripes were found to be enriched in iron, which
has been known to produce similar reddish hues [37,59]. The white
glass' color can be explained by the presence of lead arsenates.
3.1.6. White glass beads (types 25 and 47)
The VP-SEM-EDS analysis revealed that the white beads classified as
types 25 and 47 are composed of mixed alkali glass (Table S2 –
Supplementary information). The glass beads from type 25 were found
to be extremely porous. Most likely due to the burial conditions, alu-
minosilicates now fill these pores, giving the glass beads a more yel-
lowish hue. The hXRF SbeCa plot (Fig. 2c), revealed an association
between these two elements, suggesting that calcium antimonates were
used as opacifying agents in the manufacture of the type 25 white
beads. In fact, VP-SEM-EDS analysis showed that calcium antimonate
crystals were abundantly dispersed throughout the glass matrix (Fig. 3).
As previously mentioned, calcium antimonates have been used in
glassmaking since the 15th century B.C. [13,71,76].
Antimony and calcium were also found to be associated in the type
47 glass beads. Calcium antimonate aggregates were also found in these
beads by VP-SEM-EDS.
3.1.7. White glass beads with blue and pink stripes (Type 17)
The multi-colored beads classified as type 17 are thought to be of
Venetian origin and manufactured between the 18th and 19th century
CE. These beads are white with two navy and two pink stripes. VP-SEM-
EDS analysis revealed that navy and pink stripes consist of mixed alkali
glass, with significant amounts of lead (ca. 32–37 wt%), while the white
glass is lead-rich (Pb > 55wt%) (Table S2 – Supplementary informa-
tion). Arsenic was also detected in all the glass colors, which due to the
aforementioned presence of lead, suggests the use of lead arsenates as
the main opacifiers. In fact, the hXRF PbeAs plot (Fig. 2b) shows a clear
association between these two elements in the type 17 glass beads. It is
also worth noting that the glass beads from types 15 and 17, although
contemporary, have different As contents, suggesting the use of
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Fig. 3. a) VP-SEM image of the type 25 glass beads. The white areas were found to be calcium antimonate aggregates; b) point analysis of one of the calcium
antimonate aggregates.
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different recipes in their manufacture.
No colorants were identified by VP-SEM-EDS in the blue and pink
stripes. However, blue stripes have the distinctive navy-blue hue char-
acteristic of Co(II)-colored glass, and it is possible that the pink hue was
produced by adding minor amounts of copper or gold to produce a red
hue that became pinkish when combined with the initial white glass.
Handheld XRF analysis also revealed an association between lead
and tin, suggesting the use of lead stannate or lead‑tin yellow as a
second opacifier. Lead stannate imparts a yellow color to the glass, but
as it is combined with the white lead arsenates, can account for the
creamy white hue of the type 17 glass beads. It can also be responsible
for the lighter blue hue of the blue stripes and the slight orange un-
dertone of the pink stripes.
3.2. Micro-Raman spectroscopy
Silicate glass, the most common type of archaeological glass, can be
described as a disordered 3D network of SiO4 tetrahedra, where the
oxygen ions act as bridges between the different tetrahedral
[36,44,45,101,102]. The Raman spectrum of a glass can, thus, be seen as
the signature of the silicate network, with two large massifs, corre-
sponding to the bending and stretching modes of the SieO bonds, cen-
tered at approximately 500 cm−1 and 1000 cm−1, respectively
[36,44,45,101,102]. The introduction of glass modifiers induces the
breakdown of the siloxane bands, creating non-bridging oxygens (NBOs).
The arrangements of the SiO4 tetrahedra can be described according to
the number of NBOs from Q0 (isolated tetrahedral with 4 NBOs) to Q4
(pure SiO2 with zero NBOs). The degree of polymerization of the network
decreases with the increase of the amount of modifiers, and, therefore,
the amount of NBOs [45]. The degree of polymerization or polymeriza-
tion index (IP) can be calculated as the ratio between the bending and
stretching areas (IP=A500/A1000) [34,36,40,44,45,101,102]. Colomban
(2003) [101] developed an empirical relationship between the IP and the
firing temperature of glass. Micro-Raman spectroscopy due to its con-
focality and micrometric spatial resolution, also allows the identification
of inorganic compounds dispersed in the glassy matrix and responsible
for its color and opacity [34–37,45,46,57,61,71,85,94,101–104].
The calculated IP and their respective firing temperature can be
found in Table 2. It is important to note that the polymerization index
has not been calculated when inorganic phases were found to be su-
perimposed on the glass Raman signature. The inorganic phases acting
as colorants and/or opacifiers, as well as the remains of the raw ma-
terials used in the production of poor melting quality glass, identified
by micro-Raman spectroscopy can be found in Table 3.
3.3. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS)
Following the VP-SEM-EDS and micro-Raman spectroscopy ana-
lysis, a sub-sampling was performed in order to diminish the total
number of samples. The possible origin and date of manufacture, as
well as the number of samples available per type was taken into ac-
count. When a large number of samples from the same glass bead type
was available, two specimens (a and b) were chosen to test for homo-
geneity and consistency between visually identical glass beads.
3.3.1. Chemical glass types
The ternary diagram of the normalized concentrations of Na2O,
MgO+K2O and CaO has been used to define the main chemical glass
types based on their alkali metal source [60,125,126]. Fig. 4 shows that
all the glass beads in this study fall into one of the following chemical
glass types: the soda-lime plant ash glass (II), the mixed alkali soda-
potash glass (III) or the potash-lime plant ash glass (IV) [60].
The Venetian red and red-on-white glass beads from types 2, 3 or 4,
7, 10, 14 and 15, as well as the pink stripe from type 17, were found to
be composed of mixed soda-potash glass (group III), while the re-
maining Venetian glass beads, type 5 and 17, fall either within the soda-
lime plant ash compositional window (group II) or in between the two
compositional groups. It is important to note that the type 17 glass
beads appear to have been produced using two distinct recipes since the
white and blue stripes fall under the compositional window of plant ash
soda-lime glass (group II), while the pink stripes have a mixed soda-
potash composition (group III). The Venetian glass making industry
traditionally used soda plant ash as their main glass modifier
[13,97,127]. These halophytic plant ashes, known as allume catina,
were imported from the Levantine coast since the 13th century CE
[13,127] and are commonly mentioned in treaties from the 16th and
17th centuries CE [13]. Lower quality soda plant ash (barilla) imported
from Spain or produced by burning local plants was used from the 17th
century CE onwards [13]. However, potash plant ashes, produced by
burning inland plants, were occasionally used since the 15th cen-
tury<CE[13]. Recipes from the 16th and 17th centuries CE also
mention tartar from wine barrels (gripola di vino) as a possible potash
source [13]. The uncharacteristically high K concentrations found in all
the Venetian glass beads can be explained by the use of low quality
plant ash [31], or by the combined use of allume catina and gripola di
vino as mentioned in the 1536 anonymous manuscript of Montpellier
[13].
The glass beads from types 1, 8, 12 and 13, on the other hand, are
composed of potash-lime plant ash glass (group IV). Potash-lime crystal
glass was developed in Bohemia in 1676 by Johan Kunckel and in-
creasingly gained popularity as an alternative to the Venetian cristallo
glass [97]. However, the development of the first potash-lime glasses
can be traced to the northern and central European production centers
[127]. These glasshouses were founded during the Roman empire and
were located in heavily forested areas to allow easy access to furnace
fuel [127]. After the fall of the Roman empire, the knowledge of glass
making was not lost, but since the import of mineral soda (natron, the
main fluxing agent used in the production of Roman glass) ceased, glass
makers started to used wood ash as the primary glass for glass pro-
duction around 800 CE [127]. This glass, produced throughout the
Middle Ages, is known as forest glass (orWaldglas). It is therefore likely,
that the type 8 blue glass beads were produced in Central Europe, al-
though the exact location of their manufacture remains unknown.
The glass beads of unknown origin and date, types 16, 20, 23, 25
and 47 and types 22, 24 and 46, fall within the soda-lime glass com-
positional group and in the intermediate region between the II and III
compositional groups, respectively. While these compositions could
suggest a Venetian origin, it is important to note that although the
Venetian recipes were considered to be a guild secret, Venetian glass-
makers travelled across Europe, opening their own glasshouses in
Flanders and London [128], making it impossible to pinpoint the pro-
duction centers of these glasses based solely on their chemical glass
type.
Table 2
Polymerization index and corresponding firing temperature after Colomban
(2003) [101]. The polymerization index was not calculated when inorganic
phases were found to be superimposed on the glass Raman signature.
Glass bead
type
Color Polymerization index
(IP)
Estimated firing
temperature (°C)
5 Green 0.60 800
White – –
Reddish-
brown
– –
12 Blue 0.93 1000
20 Black 0.71 800–1000
22 Pale blue 0.92 1000
23 Black 0.75 800–1000
24 Blue 0.97 1000
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3.3.2. Glass provenance
The raw materials used to manufacture glass generally contain small
amounts of impurities that are characteristic of the region from which
they were obtained. Since glass composition reflects the chemical sig-
nature of the raw materials used in its manufacture, trace element
analyses have been widely used to determine glass provenance (e.g.
[14–16,18–22,24–26,41,129]).
An important amount of impurities is introduced via the silica
source. Sand generally contains accessory minerals such as feldspars,
zircon, aluminosilicates, FeeTi oxides and clay minerals [130]. Trace
element distribution in particular can provide information on the silica
source [20,24–26,129–131].
The chondrite-normalized [132] trace element composition (Fig. 5)
highlights the heterogeneity of the sands employed in the production of
the glass beads in this study. Based on their compositional profiles, the
beads have been subdivided into four groups. Group 1 is composed of
the Venetian red and red-on-white glass beads (types 2, 3 or 4, 7, 10, 14
and 15), the white and pink stripes of the glass beads from type 17 and
the white stripes from type 5. This group is characterized by having
similar Rb and Sr values. The presence of only Venetian red, white and
pink glass in this group is noteworthy as it suggests that the same raw
material sources were used to make all these different colors.
The glass beads from Bohemia (types 12 and 13) constitute group 2.
These beads have low Sr values, accompanied by high Rb values. The
highest values of Zr and Hf can also be found in these glass beads. Rb+
has an ionic radius similar to K+, which allows this element to be in-
corporated in the structure of K-bearing minerals such as clay-minerals
or K-feldspars [133]. Zr and Hf on the other hand are most likely pre-
sent in the heavy mineral zircon (ZrSiO4), indicating that a mature
sand, composed primarily of quartz, but with significant amounts of
heavy minerals and an important clay fraction was used in the glass
production [134].
Group 3 is composed exclusively of the Bavarian glass beads from
type 1. These beads, like the ones in the previous group, are char-
acterized by high Rb and low Sr values. However, they present the
lowest values of Zr, Y and Hf. In general, low concentrations of trace
elements indicate the use of high purity sand sources [130]. As pre-
viously mentioned, potash plant ash was used to manufacture these
glass beads, which most likely resulted in the visible enrichment in Rb.
The glass beads with unknown provenance and manufacture date
types 16, 20, 22, 23, 24, 25, 46 and 47, as well as the green and reddish-
brown glass from the type 5 Venetian glass beads, constitute group 4.
This group is characterized by low Rb and high Sr values, accompanied
by variable Ba amounts. The group has, therefore, been sub-divided
into low Ba (group 4a) and high Ba (group 4b). Only the black beads
from types 16, 20 and 23 constitute group 4b. While Ba could have been
added unintentionally as an impurity in the silica source, a careful
examination of the LA-ICP-MS results revealed a correlation between
Mn and Ba in these three bead types, suggesting that a mixture of
pyrolusite (MnO2) and psilomelane ((BaH2O)2Mn5O10) was used to
impart the black hue to the glass [130].
Two of the glass samples did not fit into any of the previously de-
scribed compositional groups: the blue stripes of the type 17 glass
beads, and the type 8 glass beads. The blue stripes of the 17 glass beads
have a compositional profile similar to that of group 4a; however, this
glass is greatly enriched in Y. The glass beads from type 8, on the other
hand, present a compositional profile similar to that of group 3, but are
Table 3
Inorganic phases (coloring agents, opacifiers and other crystalline phases) identified by micro-Raman spectroscopy. Characteristic band positions are indicated.
Inorganic phase Raman signature Glass bead type (glass color) References
Anglesite
(PbSO4)
978–979 cm−1 1 (pale blue), 12 (blue), 13 (blue) [105–109]
Bindhemite
(Pb2Sb2O7)
138, 334, 511 cm−1 3 or 4 (crème) [61,85,103,104]
Calcium antimonate (Ca2Sb2O7) 481, 634 cm−1
483, 634 cm−1
25 (white)
47 (white)
[34–37,57,61,85,94,104]
Calcium phosphate (PO43−
vibrations)
959 cm−1 1 (pale blue), 7 (white), 8 (blue), 13 (blue) [34–37,71,102,108–111]
Cassiterite (SnO2) 477, 637, 782 cm−1
479, 638, 783 cm−1
634–637 cm−1
3 or 4 (white)
7 (white)
17 (white)
[36,37,45,46,61,104,112]
Quartz (SiO2) 465 cm−1 16 (black) [37,85,101,108,109]
Lead arsenates 814–831 cm−1 2 (red), 3 or 4 (red), 5 (white), 5 (reddish-brown), 6 (white), 6 (red), 7 (white), 7
(red), 9 (white), 9 (red), 10 (white), 10 (red), 11 (white), 11 (red), 14 (red), 15 (red),
17 (white), 17 (pink), 17 (blue), 19 (white), 19 (red)
[34–36,46,85,113–116]
Microcline (KAlSi3O8) 475, 513 cm−1 46 (green) [109]
Orthoclase (KAlSi3O8) 478 cm−1 16 (black) [109]
Rutile (TiO2) 444 cm−1 16 (black) [85,108,109]
Unidentified sulfate phases (SO42−
vibrations)
618, 981, 1141 cm−1
981–982 cm−1
8 (blue)
2 (red), 3–4 (red), 7 (red), 9 (white), 9 (red), 10 (red), 11 (red), 12 (blue), 15 (red)
[36,109,117]
Titanium dioxide (TiO2) 140–150 cm−1 1 (pale blue), 5 (white), 9 (red), 9 (white), 12 (blue), 13 (blue), 16 (black), 17 (pink),
17 (blue), 47 (white), 20 (black, 22 (pale blue), 23 (black), 24 (blue), 25 (white)
[37,108,118–122]
Titanium dioxide (TiO2) or Litharge
(PbO)
147 cm−1 2 (red), 3 or 4 (white), 6 (white), 7 (red), 10 (red), 17 (white), 19 (red) [37,107,123,124]
α-Wollastonite (CaSiO3) 985 cm−1 7 (white), 14 (red) [102]
Fig. 4. Ternary diagram of the normalized Na2O, MgO+K2O and CaO contents
of the glass beads analyzed by LA-ICP-MS. Four main chemical glass types are
evidenced by the ellipses [60].
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enriched in Ba. As previously mentioned, the significant barium values
found in the type 8 glass beads are most likely linked to the presence of
barite in the silica source.
The largest portion of rare earth elements (REE) found in glass can
be attributed to the silica source, as these elements occur in insignif-
icant concentrations in both plant ash and carbonates [24]. The chon-
drite-normalized [132] rare earth element data revealed the presence of
five groups of samples with different REE patterns (Fig. 6 and Fig. S2):
groups A to E.
Despite the fact that REE usually have a uniform trivalent charge,
Eu and Ce can be found in different oxidation states according to the
redox conditions of the surrounding environment. Under reductive
conditions, Eu assumes the bi-valence state, while Ce3+ becomes Ce4+
under oxidizing conditions. The Eu- and Ce-anomalies are, therefore, a
measure of this redox-sensitive behavior [21], and fractionation re-
lative to neighboring trivalent rare earth elements [135]. The formulas
used to calculate the Eu- and Ce-anomalies can be found in Saitowitz
(1996) and Robertshaw et al. (2006) [14,21].
Group A, which is similar to trace elements group 1, is composed of
the Venetian glass beads from types 2, 3 or 4, 7, 10, 14, 15, and the pink
and white stripes of type 17. The glass beads from type 46 which have
unknown origin and manufacture date are also included in this group.
Group A is characterized by an enrichment in light rare earth elements
(LREEs) when compared to the high rare earth elements (HREEs) and
negative Eu-anomalies (Eu/Eu*=0.61–0.76). A negative Eu-anomaly
is formed by the separation of Eu2+ from Eu3+ in melts and the pre-
cipitation of Eu in its divalent state in plagioclase, substituting calcium.
As sand inherits the Eu-anomaly from the source rock, the negative Eu-
anomalies, in conjunction with the LREE enrichment, indicate the use
of sand derived from the weathering of upper continental crust granite-
type rocks [25,136].
Group B, which corresponds to trace element group 2, includes the
Bohemian glass beads from types 12 and 13; it is characterized by a
depletion of HREEs relative to LREEs and significant negative Eu-
anomalies (Eu/Eu*= 0.31–0.41). This group also has higher absolute
REE abundance than Group A. The significant negative Eu-anomalies
combined with the high REE absolute abundance indicate the use of
sand sources that contain significant amounts of monazite and other
REE minerals, such as the Paleozoic and Mesozoic sandstones found in
Germany and studied by Wedepohl et al. (2011) [25].
Group C, which corresponds to trace element group 3, is composed
exclusively by the Bavarian glass beads from type 1. This group is also
characterized by an enrichment in LREEs when compared to HREEs and
negative Eu-anomalies (Eu/Eu*=0.62), indicating the use of sand
derived from the weathering of upper continental crust rocks [25,136].
The lower absolute REE abundance, when compared with Group A,
might suggest the introduction of a sand purifying procedure to elim-
inate heavy minerals and clays, the minerals with the highest rare earth
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element abundance in sand [130].
Group D contains some of the glasses from the trace element group 4
such as the green and reddish-brown glass from the type 5 Venetian
glass beads, as well as types 16, 20, 22 and 24 with unknown origin and
manufacture date. This group has once again similar REE patterns to
those of Group A, but with higher absolute REE abundance. It is char-
acterized by a depletion of HREEs relative to LREEs and negative Eu-
anomalies (Eu/Eu*=0.65–0.76). These REE patterns, in conjunction
with the high REE abundance, suggest the use of immature sands de-
rived from granite-type rocks.
Group E is composed of the white glass from the type 5 Venetian
glass beads, as well as types 25 and 47 with unknown origin and
manufacture date. This group is characterized by an enrichment in
LREEs when compared to HREEs, but has Eu-anomalies with values
closer to 1 (Eu/Eu*=0.82–0.85). The negative Eu-anomalies, com-
bined with the LREE enrichment, indicate the use of sand resulting from
the weathering of granite-type rocks [25,136].
Three of the glass samples did not fit into any of the previously
described compositional groups: the glass beads from types 8 and 23,
and the blue stripes of the Venetian type 17 glass beads. The glass beads
from type 8 are characterized by having a very slight enrichment in
LREEs relative to HREEs and the absence of an Eu-anomaly (Eu/
Eu*= 1.0). The glass beads from type 23 on the other hand, display
similar REE patterns to those of Group D, but with negative Ce-
anomalies (Ce/Ce*=0.73). The presence of negative Ce-anomalies in
the glass beads from type 23 is most likely linked to the use of pyr-
olusite or psilomelane sources deriving from hydrothermal or diage-
netic ferro‑manganese crusts or nodules [137].
The REE pattern of the blue stripes of the Venetian type 17 glass
beads shows an enrichment in middle rare earth elements (MREEs)
when compared to the LREEs. This unusual REE pattern has been found,
together with significant Y concentrations, in Egyptian and Mycenaean
glass made from Egyptian cobalt-rich alum [129]. However, a careful
examination of the LA-ICP-MS results revealed that cobalt was corre-
lated with As, Ni, Bi, U and Fe, an association which is found in the
Schneeberg region (Erzgebirge, Germany), while the cobalt-rich alum
deposits of Egyptian origin have a chemical association of Co-Ni-Zn-Mg-
Al [60]. This suggests the production of a synthetic cobalt-rich alum,
most likely unintentionally obtained by using alumiosilicate-rich sands
to produce zaffera, a cobalt blue glass coloring agent obtained by di-
luting a mixture of calcinated cobaltite and smaltite (from the
Schneeberg mines) in siliceous sand [13].
4. Conclusions
A multi-analytical minimally invasive methodology was applied to
study the morphology, the phase inclusions and the chemical compo-
sition of the glass bead assemblage found during the 2014 excavations
carried out in the ruins of Kulumbimbi, Mbanza Kongo (Angola). The
glass beads were initially subjected to a careful typological classifica-
tion. The micro-analytical approach that followed provided composi-
tional data from the mono and multi-colored glass beads.
The chemical data indicates that the glass beads can be separated
based on their fluxing agent source into three of the main glass types
described by Gratuze & Janssens (2004) [60]: soda-lime plant ash glass,
mixed alkali glass and potash-lime glass. All previously assigned Ve-
netian glass beads can be described as soda-lime plant ash or mixed
alkali glass. The high potassium concentrations found suggest that
variable quality plant ash or a combination of allume catina and gripola
di vino was being employed in the 18th to early 20th century CE Ve-
netian glass bead production.
The major and trace element composition of the glass beads allowed
the development of groups indicating different European provenances
and different production methodologies (Table 4).
Lead arsenates and cassiterite were used to opacify the Venetian
glass beads from types 2, 3 or 4, 6, 7, 9, 10, 11, 14, 15 and 19. Lead
arsenates combined with lead stannate was also found in the type 5
glass beads. These opacifiers when combined with copper ions imparted
an emerald green hue to the glass. Iron was found to be the chromo-
phore responsible for the color of the reddish-brown stripes present in
the type 5 glass beads, while VP-SEM-EDS revealed that cobalt was used
to produce blue stripes found in the type 17 glass beads.
The chondrite-normalized rare earth element patterns revealed that
the Venetian glass beads (Group A), which seem to have been fired at a
temperature of approximately 800 °C, were made from a sand derived
from the weathering of upper continental crust granite-type rocks. The
chondrite-normalized trace element distribution, on the other hand,
allowed the red, pink and white Venetian glass from types 2, 3 or 4, 7,
10, 14, 15 and 17 to be separated from the other glass hues. The higher
Ca and Sr values found in the type 5 Venetian glass beads can be ex-
plained by the use of purer allume catina, as halophytic plant ash is
enriched in calcium.
The blue glass beads from Central Europe (types 1, 12 and 13) were
found to be composed of potash-lime plant ash glass. Handheld XRF
data indicate that cobalt ions were used to produce the blue hues of the
glass beads from types 1 and 13, while calcium phosphate was used as
the main opacifying agent. Micro-Raman spectroscopy, on the other
hand, revealed that the type 12 beads were fired at a temperature of
around 1000 °C. LA-ICP-MS data showed that chondrite-normalized
trace element distribution and chondrite-normalized REE patterns can
be used to distinguish between the Bavarian (type 1) and the Bohemian
(type 12 and 13) glass beads. The Bohemian glass beads seem to have
been produced using a mature sand, composed primarily of quartz, but
with significant amounts of heavy minerals such as monazite, while the
Bavarian glass beads were manufactured using high purity sands.
Based on their chondrite-normalized trace element distribution and
chondrite-normalized REE patterns the glass beads from types 16, 20,
22, 24, 25, 46 and 47, with previously unknown origin and manu-
facture date, are thought to have been produced in Venice. These glass
beads also consist of soda-lime plant ash glass or mixed alkali glass,
with variable potash contents, and high Ca and Sr values. Moreover,
they seem to have been manufactured using sand derived from
weathering of granite-type rocks and fired at temperatures between 800
and 1000 °C (values calculated for types 20, 22 and 24). The black
beads from types 16 and 20, however, must be singled out due to their
enrichment in Ba. The LA-ICP-MS results revealed a linear correlation
between Mn and Ba in these glass bead types, suggesting that a mixture
of pyrolusite (MnO2) and psilomelane ((BaH2O)2Mn5O10) was used to
impart the black hue to the glass. The type 16 glass beads also show
evidences of being composed of poor melting quality glass due to the
identification of quartz and feldspar mineral phases by micro-Raman
spectroscopy.
The origin of the glass beads from types 8 and 23 remain unknown.
The blue glass beads from type 8 might have been produced in Central
Europe since they can be characterized as potash-lime plant ash glass.
However, they contain significant amounts of barium, suggesting the
use of a barite-rich silica source, and very high As concentrations. These
beads were opacified using calcium phosphate, and cobalt ions were
used to produce the blue color.
The black type 23 glass beads were colored using a mixture of
pyrolusite and psilomelane most likely originating from hydrothermal
or diagenetic ferro‑manganese crusts or nodules, as indicated by their
negative Ce-anomaly. These beads were fired at a temperature between
800 and 1000 °C.
This archaeometric study shows that the during the 17th–19th
centuries CE, Mbanza Kongo was completely integrated in the Atlantic
commerce routes with access to specific European beads productions.
Therefore, the tombs of Kulumbimbi are also a window to an ancient
African society closely connected to European societies.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.microc.2019.103990.
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